Abstract
Introduction
The submerged-arc welding process (SAW) is widely used in the metal-mechanic industry due to its operational facility and productivity. In Brazil, this process is used for the manufacturing of tubes, pressure vessels, boilers, heat exchanges, iron-making equipments, ships, automotive parts and all sort of heavy equipments. In SAW, the heat source is supplied by an electric arc formed between the solid or tubular wire electrode and the work piece. The electric arc and the melted metal are completely covered and protected by the flux from the atmospheric contamination. The granulated flux is partially melted and generates a liquid protective slag layer, which is solidified in the sequence. This solid material is considered as being a waste material, and referred hereafter as slag of welding flux (SWF) [1] . The fluxes that originate the SWF can be classified according to its neutrality as acid, neutral or basic types [2] . In Brazil, it is estimated that the submerged-arc welding process generates about 500 tonnes per month of SWF [3] .
Nowadays, the SWF waste has been mainly disposed in landfill sites, which cost money. Thus, there is interest of the industrial sector in search technological alternatives for the use of this abundant waste.
The ceramic industry, particularly the sector devoted for the manufacturing of civil construction materials, has been widely used as an alternative to the recycling of industrial wastes [4] [5] [6] . Some reasons in favor of recycling of industrial wastes as civil construction materials are: i) the ceramic industry uses large amounts of natural raw materials; ii) the main production processes are not greatly modified; iii) traditional ceramic products allows a large range of their chemical-mineralogical compositions and iv) some heavy metals or toxic substances can be encapsulated in the ceramic matrix.
The main objective of this work is to study the recycling of SWF waste as an alternative raw material in the manufacturing of ceramic products for civil construction such as multipleuse mortars and clay bricks. Emphasis is given to the waste characteristics and its effects on the technological properties of the ceramic products.
Materials and methods

Materials
The raw materials used in this work were the conventional components for the manufacturing of multiple-use mortars (cement, natural sand and water) and bricks (plastic sedimentary clay), besides the SWF waste.
Portland cement compound with blast-furnace slag (CPIIE-32 type) was used. This cement has been ordinary used in the civil construction elements. River natural sand used was washed, dried for 24 h and sieved with the objective of its use as normal sand according to the ABNT NBR 7214 standard [7] .
Plastic sedimentary clay from Campos-RJ (Brazil) region for making bricks was used (< 40 mesh), which is predominantly kaolinitic [8] , rich in SiO 2 , Al 2 O 3 and Fe 2 O 3 .
Three samples of SWF waste collected in the metal-mechanic industry from south-eastern Brazil were used in the preparation of the mortars. The samples were classified as acid SWF, neutral SWF and basic SWF, according to its neutrality. Waste samples were crushed and sieved, resulting in fine aggregate. Figure 1 shows the SWF waste before and after the crushing process. The particle size distribution of the SWF waste sample was determined. The mineralogy of the SWF samples was determined by X-ray diffraction (D5000 diffractometer, Siemens) using Cu-Kσ radiation. The unitary mass of the aggregates in the loose condition was determined according to ABNT NBR 7251 standard [9] and real specific mass determined according to ABNT NBR 9776 standard [10] .
Methodology
Multiple-use mortars were prepared with the objective to characterize the use of SWF waste as fine aggregate. Four mortars samples were formulated: 1) reference mortar made with conventional fine aggregate (natural sand); 2) acid SWF mortar; 3) neutral SWF mortar and 4) basic SWF mortar. For the last three cases, natural sand was totally replaced by the corresponding SWF waste.
The mortars were prepared using a conventional mixer with capacity of 5 liters. The blended used was of 1:3 (cement to fine aggregate ratio, in weight). The cement to water relation was determined according with the standard consistency test [11] . The multiple-use mortars were characterized in terms of their consistency, fresh state density [12] and incorporated air content [12] .
Mortar cylindrical specimens of size 50 mm x 100 mm were prepared to find out the compressive strength for 1, 3, 7, 28, 90 and 120 aging days. The compressive strength was determined according to ABNT NBR 13279 [13] using a hydraulic press (Versa Tester) at a loading of 0.5 MPa·s -1 . The tensile strength of the mortar cylindrical specimens of size 50 mm x 100 mm was determined according to ABNT NBR 7215 [14] for 3, 7, 28, 90 and 120 aging days.
A series of clay and acid SWF waste mixtures were prepared. The bricks were made with up to 10 wt. % waste added as partial replacement of clay: sample S0 (reference sample, 0 wt. % waste), sample S5 (5 wt. % waste) and sample S10 (10 wt. % waste). The ceramic formulations were dry mixed and homogenized using a cylindrical mixer, then uniaxially pressed at 24 MPa into 115 mm x 254 mm bars, dried at 110ºC for 24 h, and fired at 950ºC for a soaking time of 2 h in an electric furnace. The following technological properties were determined: linear shrinkage, water absorption, apparent porosity, apparent density and flexural strength according to standardized procedures.
Results and discussion
Waste characteristics
The results of X-ray diffraction of the SWF waste samples are given in Table 1 . The following main mineralogical phases were identified: acid SWF waste (spinel -MgAl 2 O 4 ), neutral SWF waste (fluorite -CaF 2 ; periclase -MgO; spinel -MgAl 2 O 4 ) and basic SWF waste (calcite -CaCO 3 ; calcium hydroxide -Ca(OH) 2 ). Figure 1 . SWF waste before and after crushing.
The
These results are in accordance with the flux compositions that originated the SWF samples [2] . As can be observed, the acid flux contains high content of magnesium and aluminum oxides, the neutral flux is rich in fluorite and magnesium and aluminum oxides, while the basic flux is rich in calcium compounds. The results of unitary specific mass and bulk density, as shown in Table 2 , presented only slight differences. As compared with natural sand, however, the SWF waste samples are about 20% more dense. The SWF waste was crushed in order to obtain a fine aggregate material. It was determined that 98% of the SWF particles are < 4.8 mm, which characterize the efficiency of the granulation process used. It was used SWF with Brazilian Normal Sand distribution [7] in the manufacture of the mortars (fineness module equal to 2.50). 
Properties of the mortars
The results of consistency and water content of the prepared mortars are shown in Table 3 . The cement to fine aggregate ratio of the mortars was kept at 1:3. The water-cement ratio was kept at 0.56 for the sand and neutral SWF samples, 0.52 for the acid SWF sample and 0.48 for the basic SWF sample.
The consistency index is an important property of the multipleuse mortars. The range of the consistency index specified in the ABNT NBR 13276 standard [11] is 255 ± 10 mm. As shown in Table 3 , the consistency specification was achieved for all studied mortars. It can also be observed that the natural sand and neutral SWF samples presented equal values of water content, and approximate values of consistency index. These results are very important because indicate that the consistency of the mortars remained practically constant with the substitution of the natural fine aggregate. Thus, the mortar workability was not affected when SWF waste replaced natural sand.
The mortars made with SWF waste, as shown in Table 4 , presented higher fresh state density. This can be attributed to the higher density of the SWF than the natural sand and the minor amount of incorporated air obtained. It was also verified that the mortars with larger water content present less incorporated air. The multiple-use mortars are classified according to the ABNT NBR 13281 standard [15] as: i) type a (incorporated air < 8%); ii) type b (incorporated air between 8 to 18%) and iii) type c (incorporated air > 18%).
The results show clearly that the mortar mixtures made with SWF waste presented a classification equal or superior the traditional mortar prepared with natural sand. The compressive strength is another important property used to verify the production uniformity and control of cements and mortars [16] . Figure 2 shows the compressive strength of the mortars. The results showed that all mortars presented mechanical strength above the values specified (≥ 8 MPa -Class III) according to ABNT NBR 13281 [15] . Figure 2 also shows that the compressive strength increases with the increase of the aging time for all mortars. In addition, the mortars made with SWF waste presented higher compressive strength, for all aging times, than the ordinary mortar made with natural sand. The basic SWF mortar (1:3:0.48) presented the best mechanical strength, reaching 39 MPa after 28 days and 49 MPa after 120 days aging, because the less water/cement ratio used.
Thus, mortars using SWF waste of any type (acid, neutral or basic) as fine aggregate can be made with full replacement of natural sand. Figure 3 shows the results of tensile strength of the mortar specimens. It can be observed that the mortar with acid SWF (1:3:0.52) and with neutral SWF (1:3:0.56) presented very close tensile strengths, and the basic SWF (1:3:0.48), as a result of the lowest water-cement ratio, presented the higher tensile strength than the other ones.
The results also show that all mortars made with SWF waste presented higher tensile strength than the mortar made with natural sand. It is important to emphasizes that the transformation of periclase (MgO) into brucite, Mg(OH) 2 (expansive and deleterious product), due to slow hydration process, was not presented by the mortar with neutral SWF, even after 120 days of age.
Properties of the clay bricks
The quality of the clay bricks incorporated with acid SWF waste, fired at 950ºC, was evaluated by measuring the following physical-mechanical properties: linear shrinkage, water absorption, apparent porosity, apparent density, and flexural strength (Figures 4 to 8) . The linear shrinkage of the specimens, as shown in Figure 4 , increased with waste addition. This was attributed to the chemical-mineralogical composition of the waste, which contributes to increase the sintering degree of the specimens. In addition, the values of linear shrinkage (1.81 to 2.46%) are within the acceptable range for industrial production of clay bricks. The water absorption of the prepared bricks is shown in Figure 5 . The results show that there are not restrictions for incorporation of SWF waste in clay bricks (water absorption < 25%). The apparent porosity, as shown in Figure 6 , presented similar behavior to water absorption. The apparent density of the bricks is shown in Figure 7 . As expected, the apparent density increases with waste addition. This is caused mainly by open-pore closure, resulting in better densification of the bricks.
The flexural strength of the bricks is shown in Figure 8 . The effect of the incorporation of the SWF waste was to increase the mechanical strength of the bricks. This is related to the higher densification of the bricks.
Conclusions
Based on the experimental results, the following conclusions can be drawn: the three SWF waste samples (acid, neutral, and basic)
• presented all requirements for use as fine aggregate in multiple-use mortars according to the ABNT NBR 13281 standard [15] ; the mortars made with SWF waste, when compared to the • ordinary mortar made with natural sand, presented equal or better behavior, measured by means of technological properties as consistency, fresh state density, incorporated air content and mechanical strengths; the SWF waste can be used as an alternative raw material for • manufacturing of clay bricks. It was demonstrated that the technological properties of the bricks incorporated with up to 10 wt. % of SWF waste replacing clay are compatible with those specified for ceramic bricks.
